1 Abstract-Recovering kinetic energy in an electric vehicle is important in order to use battery more effective and to extend the vehicle's maximum distance range. In this study, regenerative braking is simulated and implemented on a test bed for a lightweight electric vehicle on the three different downhill that are 3º, 4º and 5º slopes at 30km/h conditions. An in-wheel motor which is generally used in the light electric vehicle is used for the regenerative braking application. Speed of the in-wheel motor is controlled with PID controller during regenerative braking. The in-wheel motor charges batteries and the PID controller maintain speed of the in-wheel motor to reference speed in both simulation study and experimental study. Graphics and outcomes of the simulation and experiment are showed in the results and discussion section.
are some difficulties to execution of regenerative braking on real vehicles. For this aim, regenerative braking with IWM (in-wheel motor) is executed in simulation study with using Matlab/Simulink and experimental study on a test bed for based a 300 kg lightweight electric vehicle on 3º, 4º and 5º slopes downhill at 30 km/h reference speed. PID controller is used to change duty of PWM (pulse with modulation) to maintain the speed of the IWM during regenerative braking [20] , [21] . The speed is successfully controlled, the batteries of IWM are charged during the simulation and experiment. Subject of this study is different from literature mentioned above as cooperation braking, optimum or maximum energy recovery, stability control and management strategy of regenerative braking.
II. MATHEMATICAL EQUATIONS OF AN IN-WHEEL MOTOR
Mathematical equations of IWM are need to be known to simulate an IWM although Matlab/Simulink already has the model of an IWM as PMSM (permanent magnet synchronous machine) which is basically BLDC (brushless DC motor). Different results can be obtained by an IWM parameters or controller changing in simulation that saves time. A DC motor mathematical equation is required to be observed in order to understand an IWM mathematical equation.
A DC motor electrical presentation is shown in Fig. 1 . When voltage apply to DC motor terminal, current flows DC motor windings and rotor of the motor starts to rotate and generates BEMF (back electromagnetic force). DC motor mathematical equation is (1). .
where V is applied voltage to motor terminals, I is current flows winding of the motor, R is resistor of motor terminals, L is inductance of motor terminals, E is BEMF which produced by the motor. An IWM electrical presentation is shown in Fig. 2 
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Equation (7) gives phases inductances. Equation (8) gives mutual inductance as M. Mutual inductance can be described as when current flows in a winding that winded on core, other winding on the same core are affected:
Equation (9) is obtained, if (7) and (8) 
Sum of current incoming to node is zero as in (10) . Mathematical equations are given in (10) and (11) . Equation (12) 
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III. REGENERATIVE BRAKING OF THE IN-WHEEL MOTOR
The IWM in the study is a kind of a BLDC motor. The difference is IWMs have more pole pairs, more torque, less revolution speed. A driver is needed for IWM to make rotation or regenerative braking. The in-wheel motor has 3 Hall Effect sensors which detect the position of the IWM. The IWM driver is consist of 3 half bridge Mosfets. According to the position of the in-wheel motor Mosfets are triggered. There is an example for regenerative braking of the IWM for one phase. The IWM is considered to turn enough speed to implement regenerative braking. When PWM signal is digital '1', Tr2 Mosfet and Tr4 diode become conductive and inductor of the IWM is charged by the current flow as in Fig. 3 . When PWM signal is digital '0' and charged inductor voltage is higher than the battery voltages, the current flows through Tr4 and Tr1 diodes as in Fig. 4 . The main idea of regenerative braking is the same as boost converter but has some rules. Battery SOC (state of charge) should be less than 70 %. The IWM should rotate at least 100 rpm because of PWM duty restriction. PWM duty should be between 40 %-80 %. Despite lack of regenerative efficiency, less than duty of 40 % would generate enough energy to charge the battery but less effect on braking. Higher than duty of 80 % has effect on braking but efficiency of regenerative braking drops significantly and driver of the IWM could be damaged due to serious amount of current flowing. 
IV. MATERIALS AND METHOD
The IWM should be rotated for implementation of regenerative braking. For this reason, the IWM is coupled with a DC motor on a test bed. The DC motor has 7.5 kW power and generates 45 Nm torque and the IWM has 3 kW power and generates 45 Nm. The IWM is synchronous permanent magnet and has outside rotor. 28 pole pair is existed in the stator. The test bed appearance is showed in Fig. 5 . The DC motor is torque controlled by a FLC (fuzzy logic controller) as the reference and feedback inputs are current. The current sensor is LEM LTS25P which can measure up to 80 A. The feedback current subtracts from the reference and error is defined. The error and derivative of the error are inputs for the FLC. Inputs and output membership of the FLC are showed in Fig. 6 and the rule base of the FLC is presented in Table I . The FLC is created from Matlab Fuzzy Logic Toolbox. The FLC is executed by STM32F4 Discovery card [22] . STM32F4 is programmed as embed system from Matlab/Simulink.
The IWM is controlled by a IWM driver as 16.6 kHz PWM frequency. IR2104 is used for Mosfet driver. 4 pcs serially connected 72 A, 12 V batteries are used to charge. Battery current, voltage, and revolution speed of the system is recorded to a PC by Advantech 1716 DAQ (data acquisition card) [23] . Experimental system blocks are shown in Fig. 7 . LEM LA55P which measures up to 90 A is used for current monitoring; LEM LV25P which measures up to 500 V is used for voltage monitoring. System revolution speed is measured by an inductive sensor and a frequency voltage convertor. Matlab environment is used for record. The IWM is controlled with a PID controller during regenerative braking thus reference and feedback are revolution speed. The PID controller of the IWM is shown in Fig. 8 . Reference speed is subtracted to actual speed due to the regenerative braking application to calculate error as e(t). Kp, Ki and Kd are coefficients that are determined by experiment in the study. PID controller equation is given in (13 Speed control of 300 kg weight an electric vehicle on 3º, 4º and 5º slopes downhill at 30 km/h speed and has 53 cm diameter of wheel is calculated as (14) , (15) and (16):
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where L, α, m, G, r, R, V, c, P are respectively load as Nm, slope as degree, vehicle weight as kg, Earth gravity as m/s 2 , radius of wheel as m, revolution speed as rpm, velocity as km/h, circumference of wheel as m, power as Watt. As result of the calculations, the loads for 3º, 4º and 5º slopes are respectively 40.82 Nm, 54. 
V. SIMULATION STUDIES OF REGENERATIVE BRAKING
Simulation of regenerative braking of the IWM is carried out on Matlab/Simulink as seen in Fig. 9 . PMSM block of Simulink is used as the IWM. Due to the obtaining positive revolution speed, negative load is applied to the IWM as -‫2.01ـ‬ Nm, ‫6.31ـ‬ Nm, ‫ـ‬ -17 Nm. Phase selector is created for selecting proper phases of the IWM thanks to hall sensor outputs of the IWM. DC inverter block has 3 half bridge Mosfets. A 48 V, 75 Ah lead acid battery of Simulink is connected to the DC inverter block as 50 % state of charge. A Simulink PID block is used to control regenerative braking of the IWM. PID controller and the IWM parameters are given in Table II . Actual revolution speed is subtracted the reference revolution speed of 300 rpm. PWM frequency is set to 1 kHz. Sampling time of the simulation is 0.000001 s. PWM frequency should be 16.6 kHz as set experimental study, however increasing PWM frequency decreases sampling time that causes memory problems and time loosing. 
VI. EXPERIMENTAL STUDIES OF REGENERATIVE BRAKING
An IWM driver that supports embed system is developed and created. Hall sensors, supply current, supply voltage and temperature of Mosfets of the IWM are inputs of the driver. 3 phases and LCD screen are output of the driver. A Matlab/Simulink model is embedded to the driver as seen in Fig. 10 . STM32F4 Discovery card is used as a microcontroller. Sample time of the microcontroller is 0.0001 s. Phase selection is executed with using interrupt of the microcontroller. Revolution speed is measured from one of the hall sensors. Reference speed is set to 300 rpm. PID controller of Matlab/Simulink is used and the parameter of PID controller is the same as simulation study of regenerative braking. The torque controlled DC motor loads the IWM for regenerative braking as 1.8 A, 2.4 A and 3 A that are corresponded 3º, 4º and 5º slope of downhill.
VII. RESULTS AND DISCUSSION
Regenerative braking application is simulated in Matlab/Simulink. The revolution reference speed is set to 300 rpm, however phase revolution is 8400 rpm which means 140 revolution per second due to the 28 pole pair of the IWM. The PWM frequency is needed to be set higher than revolution which is 1 kHz. PWM duty resolution is considered 0.001. Result of the situation, sampling time is set to 0.000001 s. Although real experiment time is 180 s, the simulation study is only 15 s because of memory problems. Each simulation experiment takes more than 40 minutes. Revolution speed of the IWM, battery current and battery voltage are results of the simulation and each result has 15M data.
The regenerative braking simulation is carried out based for light weight electric vehicle dynamic on different downhill slopes which are 3º, 4º and 5º that are corresponded respectively 10.2 Nm, 13.6 Nm and 17 Nm. Revolution speed results of the simulation study are given Fig. 11 . Rising time of rapid slope is less due to the high load torque. PID controller succesfully settles all load of downhill slopes. Battery current results of the simulation study are shown in Fig. 12 . Low past filter is used to eliminate PWM frequency. The current graphics are negative that means battery is charged on each slope. Regenerative braking on rapid slope gives more current as expected. The experimental regenerative braking of is studied on the test bed of the IWM. The torque controlled DC motor runs with 1.8 A, 2.4 A and 3 A input references that are corresponded respectively 3º, 4º and 5º slope of downhill. The speed of the IWM is controlled at 300 rpm with PID controller. The revolution speed graphs of the IWM of the regenerative braking experiment are given in Fig. 14 . The IWM revolution speeds are settled to the reference of revolution speed with PID controller. As simulation results, rapid slope has less rising time due to the greater load. The batteries current of the experimental study of regenerative braking is presented in Fig. 15 . Low past filter is used for current graphs in order to filter PWM frequency.
There are similarities with simulation results as rapid slope has more charging current. Voltages of the batteries of the regenerative braking experiment study is shown in Fig. 16 . Low past filter is used for voltage graphs in order to eliminate PWM frequency. Rapid slope voltage is greater because of the higher charging current as in the simulation study. Result of the regenerative braking experimental study is given in Table III . The torque controlled DC motor has 63.5 % efficiency at 300 rpm. Energy conversion from the DC motor to batteries is given in Fig. 17 . Speed control during regenerative braking with PID controller is carried both in the simulation study and the experimental study. The simulation results validate the experimental results as revolution speeds, battery current and battery voltage. Also PID controller parameters are common in the simulation study and the experimental study. Current graphs of the simulation study and the experimental study have very close results. Voltage graphs are different because of the simulation time. Results of experimental study numbers also consistent and mathematical proved. The graphics show if a light weight four wheel drive electric vehicle goes down top of the hill with 3º, 4º and 5º slopes, the IWM has enough torque to control the speed of the vehicle that four wheel drive, 300 kg weight.
VIII. CONCLUSIONS
In this study, speed is controlled during regenerative breaking on 3 different slopes. The test conditions for the both the simulation study and the experimental study are 3º, 4º and 5º slopes and a lightweight electric vehicle with four wheel drive, 300 kg weight. The speed of the regenerative braking is controlled at 300 rpm and the batteries are charged during regenerative breaking. In the future studies, the regenerative breaking experiment can be done with different controller using different speed reference values.
There are numerous studies for regenerative braking application in literature. Cooperation braking, anti-lock braking, maximum energy recovery, control and management strategy, stability control are studied as regenerative braking. This study is different from the studies in literature as speed control of regenerative braking on downhill with different slope degrees.
